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1. INTRODUCTION

Numerous studies have indicated that the presence of contaminants, particularly transition

metals, adversely affect the properties of the hydroxylammonium-nitrate (HAN)-based monoptopellants.

A study by Filer, ct al.,' showed that low levels of copper and iron, under 100 ppm, significantly lower

the thermal initiation temperature ,f LOP 1845, a HAN-based propellant. Also, the catalytic effect of

iron on the propellant is considerei to greatly decrease the storage life of the HAN-based liquid

propellants.2 Compounding the problem is the ease at which some metals dissolve into solution with

the HAN.' For example, a study by Decke? reported a concentration of 49,000 ppm of nickel after

only one week of contact with 13.25 molar HAN.

The purpose of this study was to evaluate the ballistic characteristics of the HAN-based liquid
gun propellants after contamination with various metal ions. The four contaminants of interest in this

study were iron, copper, nickel, and aluminum.

Three different experiments were performed on the samples: short-term storage tests, shock.

sensitivity tests, and closed-bomb tests. The short-term storage tests were performed to determine if
the contaminated propellant would react or be unsafe to handle during the test periods. The shock
sensitivity tests were performed, using a drop-weight apparatus, to evaluate the relative sensitivity of

the propellant to compression ignition in a partially filled chamber. Last, closed-bomb or constant.

volume tests, adapted from a similar approach used with solid propellants, were used to evaluate the
ignition and combustion characteristics of the contaminated liquid prop•llants.

2. APPROACH

The LOP 1846 wu used in all tests. LOP 1846 is composed of 60,79 percent HAN as
oxidizer, 19.19 percent triethanolammoiinum nitrate C(EAN) as fuel, and 20.02 percent water as diluent

and moderator (all percent by weight). The density and impetus of LOP 1846 are 1.43 S/cm' and 898
J/0. LOP 1846 is formulated stoichiometrically, such that the final combustion products are war,

carbon dioxide, and nitrogen.

Samples of LOP 1846 were contaminated with metal ions of copper, nickel, iron, and

aluminum. Each metal was tested separately, and no metals were used in combination. The sulfate

salts of the metals were weighed In quantities to produce approximately 25, 50, and 100 ppm of each

of the metals being tested, Once the salt was added to the propellant, the solutioru were agitated
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agitated gently with a magnetic stirrer. Stining was maintained without the introduction of air bubbles
into the solutions. Gas bubbles were noticed in the iron samples before agitation was started. Once
the salts were dissolved, the metal content of the solutions was verified by analysis with an Inductively
coupled plasma spectrophotometer.

2.1 Sto.neTests. Short-torm storage tests were performed to determine if the contaminated
propellants would be safe to handle during the tests periods. Samples were prepared for each
contaminant at each of the three concentration levels for a total of 12 samples. Ten milliliters of each
sample were placed in 25-ml, low-density, polyethylene bottles and loosely capped. The samples were
then stored at room temperature and observed visually throughout a two-week test period.

2.2 Shock Sensitivity Tests. The sensitivity tests were performed following the ASTM
D2540-70.4 The test uses a drop-weight apparatus to test the sensitivity of the propellant to
compression ignition in a partially filled chamber. The drop-weight assembly is shown in Figure 1,
In the test, 30 i1 of propeliant are placed in a cavity defined by an O-ring, the sample chamber, and
a diaphragm, Approximately 40 j4 of air are also trapped within the cavity. A 2-kg mass is dropped
from a measured height onto a ball, which transmits the energy through a firing pin to the propellant
cavity. A positive result is obtained if the diaphragm ruptures and the propellant is consumed. A
series of tests arc performed to determine the height that yields a 50 percent positive result (defined
as the ESO value) with the 2-kg mass.

2.3 Closed-Bomb Tests. A closed bomb was used to obtain data on the ignition and
combustion characteristics of the contaminated liquid propellants. A 30-mm regenerative liquid
propellant gun (RLPC) combustion chamber was adapted to the configuration shown in Figure 2.
The barrel and breech sections were replaced with plugs, The solid propellant igniter was removed,
and an electrical feed-through was installed in the igniter port. The plugs were designed to give the
chamber a free volume of 115 cms. The length-to-diameter ratio for the chamber equaled 0.25. A
loading density of 0.214 g/cM3 was used with a propellant mass of 24.6 g. The propellant was ignited
using a 0.5-mm-diamcter nichrome wire and an ignition voltage of 35 volts. The resistance of the wire
was nominally 1.7 ohms. The wire was suspended approximately 1.0 mm below the surface of the
liquid. The system was prepressurized to 3.5 UPa before firing.

2
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3. RESULTS

3.1 Storage ITa. No decompositions or fume-offs were observed during the test period
with any of the samples. Of the four metal contaminants, only the iron samples showed any reaction
with the propellant. All three iron concentrations showed a very small amount of gassing just after
mixing. The gassing was observed as very small bubbles (loess than 0.2 nun in diameter) that formed
on the sides of the bottles. The gassing stopped three to five hours after the metal salt was added to
the propellant. Since the amount of gassing was very small, the iron samples were tested in all later

tests. The other three contaminants showed no reactions with the propellant during the storage test.

3.2 Shock.Senlsitlvlty Tests. The results of the sensitivity tests indicate that, at ambient
temperature, the contaminants did not increas'ý the sensitivity of the propellants, At higher
temperatures, all the propellant samples, including the neat propellant, increased slightly in sensitivity.
The contaminants in order of sensitivity, most to least sensitive, are copper, nickel, Iron, and aluminum.
None of the contaminated propellant samples tested indicated possible handling problems at ambient
or elevated temperatures. The results of the sensitivity tests are given below; three other materials are
given for comparison:

Ambient Tests ( 20C +/. IC)
(All samples at 100 ppm concentration)

LOP 1846 Neat Insensitive
Aluminum Insensitive up to 100 ppm
Nickel Insensitive up to 100 ppm
Copper Insensitive up to 100 ppm
Iron Insensitive up to 100 ppm

NitroglycerIne Sensitive E50 = 2 kg-cm
Normal Propylnitrate Marginal E50 = 17 kg-cm
Hydrazine Insensitive E50 > 100 kg-cm

High-Temperature Tests ( 50C +/- 10C)
(All samples at 100 ppm concentration)

LOP 1846 Neat ES0 a 100 kg-cm
Aluminum E50 a 100 kg-cm
Nickel E50 a 96 kg-cm
Copper E50 a 92 kg-cm
Iron ESO a 100 kg-cm

4
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Figure 3. Pmnsum-time history for Test No, 11: uncontaminated LOP 1846.

3,3 Closed.Bomb Tests.

3.3.1 Observations. F~igur 3 shows a complete pressure-tim' record from a test using

uncontaminated LOP 1846. This pressure history Is typical of all the tests, There is an ignition

phase tranitioning to rapid combustion. At approximately 35 to 40 MPa, the curve shows a sharp

change in slope. This change in slope was attributed to a high heat transfer and not to the propellant.5

Maximum pressures measured in the tests only approached 30 percent of the theoretical BLAKE

pressure .'

A large amount of liquid residue was observed in the chamber after each test. The liquid

was clear, except for black particles attributed to the burnt plastic cup, and was found to have a

density nearly 1.0 g/cm5 and a pH of approximately 5.0. The liquid is believed to be water with a

small amount of unbumt fuel. Interestingly, the amount of liquid closely matched the amount of

water that would be expected if all the water condensed out of the combustion products.

New thermochemical calculations' were made with the assumption that all water generated

during combustion of the propellant condensed as it formed. This would approximate a hig~h-heat

transfer, which is typical of chambers with small L/D ratios.5 The new, calculated value for maximum

pressune closely matched the observed pressures from the experiments.
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3.3.2 Tabulated Data, The results from the closed bomb firings are summarized in Table 1,

and the early pressure time records for all of the tests are given in the Appendix. Listed are the

maximum pressure, rise time, and pressure at onset of rapid pressure rise (transition pressure). The

rise time is defined as the time for the pressure to rise from 5 MPa to 25 MPa, While this

measurement is a bit arbitrary, it provides a simple method for eliminating errors in reading the actual

start of pressure rise, which may be lost in the noise. The upper limit of 25 MPa was chosen because

it falls in the early rapid pressure rise region, where the slope was much the same for all tests (see

Figure 4).

The closed-bomb tests indicated differences in the rise times between the neat and the

contaminated propellant. The neat LOP 1846 tests, nos. 11-13, showed rise times between 28.7 and

30.9 msec. The average rise time for the three tests was 30.1 msec. The propellant that was

contaminated with nickel showed rise times from 22.6 to 25.1 msec. The average for the nickel testw

was 23.7 msec. This gives 21 percent decrease for the rise time of the contaminated propellant

compared to that of neat propellant. The aluminum contaminated propellant showed a 19.6 percent

decrease. The iron and copper contaminated propellant showed 5.6 percent and 2.3 percent decreases.

In an earlier liquid-propellant, closed-bomb study, the onset of rapid pressure rise was associated

with the fizz-to-flame transition of the propellant combustion.7 As seen in Figure 4, the transition

between the ignition phase and rapid-pressure rise phase is easily distinguished. There is evidence in
the present data that this transition pressure is lower than that measured in the previous study. Previous

values for this transition pressure were in the range of 18.3 to 22.8 MPa for LOP 1846.7 These

measurements were made by comparing the pressure record with the chamber emission. The emission
was detected by a light diode mounted outside chamber. The values for the transition pressure

measured during the present study, for neat LOP 1846, ranged from 15.0 to 17.8 MPa. The

measurements were taken directly from the pressure-time record by observing the change in slope of

the pressure rise at the transition pressure (see Figure 4). The difference between the new values and

the previous values is speculated to be the delay between the actual initiation of combustion and the

indication of emission by the combustion gases. Figure 5 shows a pressure record and diode history

for test no. 71 of the previous study by Travis, et al.7 The diode output falls to provide a distinct

point at which combustion begins. The transition pressure for this test was 22.8 MPa. The diode

output corresponding to that pressure shows that the light has already begun to increase. If one uses

the pressure at which the diode first begins to indicate an increase in light intensity, the pressure is

approximately 15 hlPa. This number more closely agrees with the present data.
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Table 1. Summary of CLPS Closed-Bomb Tests.

PPM Rise time Transition
Round Contamination Max pressure, for 5-25 MPa, pressure,

MPa msec MPa

11 Neat 66.8 28.7 14.4

12 Neat 66.9 30.9 15.0
13 Neat 71.5 30.8 17.8

15 75 Iron 71.7 29.3 16.6
17 86 Iron 65.0 27.4 16.3
18 86 Iron 72.1 28.6 16.4

19 112 cper 67.5 29.1
20 112 Copper 69.9 31.4 16.4
21 112 Copper 70.2 27.6 15.2

23 94 Nickel 69.4 25.1 15.9
24 94 Nickel 68.4 23.4 13.8
25 94 Nickel 70.4 22.6 13.8

26 83 Aluminum 71.0 24.4 15.7
27 83 Aluminum 71.1 26.7 15.1
28 83 Aluminum 69.2 21.6 --

NOTE: Initial conditions: prpressue = 3.5 MPa;

Loading density w 0.214 I/cm'; and
LP volume w 17.0 cmr.

I7
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4. DISCUSSIONS AND CONCLUSIONS

Four metals-iron, copper, nickel, and aluminum-were introduced into LOP 1846 as
contaminants. These contaminated propellants were then subjected to three types of tests: storage
tests, shock-sensitivity tests, and closed-bomb tests.

All four contaminated samples appeared safe at concentration levels of less than 100 ppm
for the duration of the storage test, i.e. two weeks. The iron samples produced very small bubbles

that did not present a problem during the later tests.

The shock sensitivity drop weight teats indicated that the presence of metal contaminants
will increase the sensitivity of LOP 1846 at higher temperatures. The increase was small, and the
propellant remained in the safe regime.

The most significant result of the closed bomb tot was the decrease in rise times of the
contaminated propellants compared to those of the neat propellant. The largest decrease In rise time
was associated with the nickel and aluminum contaminants. The iron and copper contaminants
provided only small decreases in rise times. The rapid combustion characteristics (at pressures above

the fizz-to-flame pressure) did not appear affected by the contaminants.

The fizz-to-flame or transition pressure of the LOP 1846 in this study is lower than
previously reported. The values of the transition pressure for neat LOP 1846 ranged from 14.4 to
17.8 MPa. The transition pressure for the propellants that were contaminated did not differ gready
from that for the neat propellant, indicating that the contaminants did not have a significant effect on

the fizz-to-flame transition of the HAN-based propellants.
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Defense Technical Info Center US Army Aviation Research
ATTN: DTIC-DDA and Technology Activity
Cameron Station ATTN: SAVRT-R (Libriry)
Alexandria, VA 22304-6145 M/1 219-3

Ames Research Center
HQDA (SARD-TR) Moffett Field, CA 94035-1000
WASH Dr 20310.0001

1 Commander
Commander US Army Missile Command
US Army Materiel Command ATTN: AMSMI-RD.CS.R (DOC)
ATTN: AMCDRA-ST Redstone Arsenal, AL 35898-5010
5001 Eisenhovwer Avenue
Alexandria, VA 22333-0001 Commander

US Army Tank-Automotive Command
Commander ATTN: AMSTA-TSL (Technical Library)
US Army Laboratory Command Warren, MI 48397-5000
ATMN: AMSLC-DL
Adelphi, MD 20783-1145 1 Director

US Army TRADOC Analysis Command
2 Commander ATTN: ATRC-WSR

US Army, ARDEC White Sands Missile Range, NM 88002.5502
ATTN: SMCAR.IMI.I
Picatinny Arsenal, NJ 07806-S000 (cha uGO1V Commandant

US Army Infantry School
2 Commander ATfrN: ATSH.CD (Security Mgr.)

US Army, ARDEC Fort Banning, GA 31905.5660
ATrN: SMCAR-TDC
Picatinny Arsenal, NJ 07806-5000 (Und. o"y)l Commandant

US Army Infantry School
Director ATTN: ATSH.CD-CSO-OR
Boot Weapons Laboratory Fort Banning, GA 31905.560
US Army, ARDBC
ATTNl: SMCAR-CCB-TL 1 Air Force Armament Laboratory
Watwvlos, NY 12189.4050 AMTN: AFATLiDLODL

Eglin A•B, FL 32542-5000
Commander
US Army Armament, Munitions Aberdeen Provini Ground

and Chemical Command
ATTN: SMCAR-ESP-L 2 Dir, USAMSAA
Rock Island, IL 61299-5000 ATTN: AMXSY.D

AMXSY-MP, H. Cohen
Commander 1 Cdr, USATECOM
US Army Aviation System Command ATrN: AMSTE-TD
AT'TN: AMSAV-DACL 3 Cdr, CRDEC, AMCCOM
4300 Uoodfellow Blvd. ATIN: SMCCR-RSP-A
St. Louis, MO 63120-1798 SMCCR-MU

SMCCR-MSI
I Dir, VLAMO

ATTN: AMSLC.VL.D
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2 Director 4 Director
Defense Advanced Research Benet Weapons Laboratory

Projects Agency US Army, ARDEC
ATTN. J. Lupo ATTN: SMCAR.CCB-DS,

J. Richardson E. Conroy
1400 Wilson Boulevard A. Graham
Arlington, VA 22209 SMCAR-CCB, L. Johnson

SMCAR-CCB-S, F. Heiser
2 HQDA (SARD-TR, B. Zimmerman, Watervllet, NY 12189-4050

1L Szkrybalo)
WASH DC 20310-0001 1 Commander
HmlMaterials Technology Laboratory
I HQ, US Army Materiel Command US Army Laboratory Command
ATTN: AMCICP-AD, B. Dunetz ATTN: SLCMT-MCM-SB, M. Levy
5001 Eisenhower Avenue Watertown, MA 02172.0001
Alexandria, VA 22333-0001

1 Commander, USACECOM
9 Commander R&D Technica Library

US Army, ARDEC ATTN: ASQNC.BLC4.T, Myer.Center
ATIN: SMCAR-AXE-BR, Ft. Monmouth, NJ 07703-5301

B. Brodman
W. Seals 1 Commander
A. Beardell US Army Laboratory Commandd

SMCAR-AEE-B, ATMl: SLCHD.TA-L
D. Downs 2800 Powder Mill Rd

SMCAR.ARB-W, N. Slagg Adelphi, MD 20783.1145
SMCAR-AEE,

A. Bracuti 1 Commander
J. Lannon US Army Belvoir RD&E Center

SMCAR-FSS-D, L. Frauen ATTN: STRBE-WC,
SMCAR-FSA-S, H. Liberman Tech Libmry (Vault) B-315

Plcatinny Arsenal, NJ 07806-5000 Fort Belvoir, VA 22060-5606

5 Commander I Commander
US Army, ARDEC US Army Research Office
ATTN: SMCAR.FSS-DA, Bldg 94 ATTN: Technical Library

C. Daly P.O. Box 12211
R. Kopmann Research Thiangle Park, NC 27709-2211
. fi-ary

M. Oetken Commander
N. Kendl US Army, ARDEC

Plcatinny Arenal, NJ 07806-5000 ATTN: SMCAR-CCS-C, T. Hung
Pcatiny Afrsnal, NJ 07806.5000

2 Commandant
US Army Field Artillery School 1 Commandant
ATTN: ATSF.CMW US Army Armor Center

ATSF-TSM-CN, J. Splcer ATTN: ATSB-CD-MLD
Fort Sill, OK 73503 Fort Knox, KY 40121
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Commander 2 Olin Corporation
Naval Surface Warfare Center ATTN: Victor A, Corm
ATTN: D. A, Wilson, Code 031 Dr. Ronall L. Dotson
Dahligen, VA 22448-5000 24 Science Park

New Haven, CT 065112DIector
Commander
Naval Surface Warfare Center 2 National Aeronautics and
AT'TN: i. East, Code 033 Space Administration
Dahigren, VA 22448-5000 ATTN: MS-603, Technical Library

MS-86, Dr. Povinelli

2 Commander 21000 Brookpark Road
Naval Surfa Warfm Center Lewis Researoh Center
ATIN: 0. Dengel Cleveland, OH 44135

K, Thorsted
Silver Spring, MD 20902-5000 1 Director

National Aeronautics and
Commander (Code 3247) Space Administration
Naval Weapons Center Manned Spacecraft Center
Guns Systems Branch Houston, TX 77058
China Lake, CA 935554001

10 Central Intelligence Agency
OSD/SDIO/IST Office of Central Reference
AT1T4: Dr. Len CAvmny Dissemination Branch
Pentagon Room OB-47 HQS
Washington, DC 20301-7100 Washington, DC 20502

Commandant 1 Centail Intelligence Agency
USAFAS ATTN: Joseph E. Backofen
ATTN: ATSF-TSM.CN HQ Room S2
Fort Sill, OK 73503-5600 Washington, DC 20505

Director 1 Calspan Corporation
Jet Propulsion Laboratory ATTN: Technical Library
ATMf: Technical Library PO Box 400
4800 Oak Grove Drive Buffalo, NY 14225
Pasadon, CA 91109

9 General Electric Ord Sys Div

I rU i AMTN: J, Mandzy, OP43-220
ATTN: Library R. B. Mayer
10 W. 35th St H. West
Chicago, EL 60616 W, Palko

R. Pate
Olin Chemicals Research I. Magoon
ATTN: David Gavin J, Scudlem
PO Box 586 Minh Lou
Chaim, CT 06410.0586 A. Olovaneni

100 Plastics Avenue
Pittsfield, MA 01201-3698
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Ooneral Electric Company 1 Vertay Technology, Inc.
Armament Systems Department ATFN: E. B. Fisher

ATTN: D. Maher 4845 Millersport Highway

Burlington, VT 05401 PO Box 305
East Amherst, NY 14051-0305

Honeyweli Inc,

ATMN: Rt. E. Tompkins 1 Director
MN38-3300 Applied Physics Laboratory

10400 Yellow Circle Drive The Johns Hopkins University

Minnetowka, MN 55343 Johns Hopkins Road
Laurel, MD 20707

Paul Ocugh Associates, Inc.
ATM'N: Dr. Paul S. Oough 2 Director
1048 South Street CPIA
Portsmouth, NH 03801.5423 The Johns Hopkins University

ATMN: T. Christian

Safety Consulting Engineering Technical Ubrary

ATTN: Mr. C. James Dahn Johns Hopkins Road
5240 Perl St. Laurel, MD 20707
Rosemont. IL 60018

1 University of Illinois at Chicago

Science Applications, Inc. ATIN: Professor Sohail Murid
ATTN-: R. Edelman Department of Chemical Enginering
23146 Cumorah Crest Box 4348
Woodland Hills, CA 91364 Chicago, IL 60660

2 Science AppUcations International 1 University of Maryland at College Park
Corporation ATMN: Professor Pranz Kesler

ATTN: Dr. F. T. Phillips Department of Chemistry
Dr. Fred Su Colloeg Park, MD 20742

10210 Campus Point Drive
San Diego, CA 92121 1 University of Missouri at Columbia

AT•N: Professor L. Thompson

Science Applications International Department of Chemistry
Corporation Columbia, MO 65211

ATMN: Norman Banks
4900 Waters Edge Drive 1 University of Michipn
Suite 255 ATMN: Professor Gaud M. Pasth
Raleigh, NC 27606 Department of Aespace Engineering

Ann Arbor, MI 48109-3796
Sundstrand Aviation Operations
ATTN: Mr, Owen Briles I University of Missouri at Columbia
PO Box 7202 ATTN: Professor P. L Rosr
Rockford, IL 61125 Research Reactor

Columbia, MO 65211
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University of Missouri at Kanses City
Department of PhysWis
ATTN: Professor R. D. Murphy
1110 East 48th Street
Kansas City, MO 64110-2499

Pennsylvaa State University
Department of Mechanical Engineering
ATIN: Professor K. Kuo
Univeity Park, PA 16802

2 Princeton Combustion Research
Laboratries, Inc.

ATIN: N.A. Muslna
M. Summerfield

4275 US Highway One North
Monmouth Junction, NJ 06852

University of Aftka=a
Department of Chemical Engineering
ATl7: J. Havens
227 Enghmming BUdn
Fayetville, AR 72701

3 University of Delaware
Department of ChAmstry
ATTN-: Mr. James Cronin

Professor Thomas Brill
Mr. PetOr Spohn

Newark. DR 19711

University of To=u at Autin
Bumru of Engineering Research
ATIN: BRC BME133, Room 1.100

H. Fair
10100 Burnet Road
Austin, TX 78758
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